NRH: quinone oxidoreductase 2 (NQO2) is a cytosolic and ubiquitously expressed flavoprotein that catalyzes the two-electron reduction of quinone to hydroquinones. Herein, we assessed the protein expression, subcellular localization, and possible functions of NQO2 in mouse oocyte meiotic maturation and embryo development. Western blot analysis detected high and stable protein expression of NQO2 in mouse oocytes during meiotic progression. Immunofluorescence illustrated NQO2 distribution on nuclear membrane, chromosomes, and meiotic spindles. Microtubule poisons treatment (nocodazole and taxol) showed that filamentous assembly of NQO2 and its co-localization with microtubules require microtubule integrity and normal dynamics. Increased levels of NQO2, reactive oxygen species (ROS), malondialdehyde (MDA), and autophagy protein Beclin1 expression were detected in oocytes cultured with ROS stimulator vitamin K3 (VK3), combined with decreased antioxidant glutathione (GSH). These oocytes were arrested at metaphase I with abnormal spindle structure and chromosome configuration. However, this impact was counteracted by melatonin or NQO2 inhibitor S29434, and the spindle configuration and first polar body extrusion were restored. Similarly, morpholino oligo-induced NQO2 knockdown suppressed ROS, MDA, and Beclin1, instead increased GSH in oocytes under VK3. Supplementary S29434 or melatonin limited changes in NQO2, ROS, MDA, Beclin1, and GSH during in vitro aging of ovulated oocytes, thereby maintaining spindle structure, as well as ordered chromosome separation and embryo development potential after parthenogenetic activation with SrCl2. Taken together, NQO2 is involved in ROS generation and subsequent cytotoxicity in oocytes, and its inhibition can restore oocyte maturation and embryo development, suggesting NQO2 as a pharmacological target for infertility cure.
Introduction
Under normal physiological conditions, intracellular antioxidant defense system can efficiently maintain the survival environments and reduce reactive oxygen species (ROS)-caused damages to oocytes, and the balance between ROS and antioxidants is critical to the function of oocytes [1] . Administration of exogenous antioxidants, such as epigallocatechin gallant, coenzyme Q10, cysteine, vitamin E, and melatonin, can effectively protect oocytes from oxidative stress, and significantly improve oocyte in vitro maturation and its development potential [2] [3] [4] . The exact mechanisms of ROS generation and antioxidant beneficial effects still remain to be clarified.
NRH: quinone oxidoreductase 2 (NQO2) is initially defined as the other member of the quinone reductase 1 (NQO1) family as a flavor protein, which is cytosolic and ubiquitously expressed and catalyzes the two-electron reduction of quinone substrates [5] . NQO1 and NQO2 have different co-substrates and distinct tissue distribution [6] . NQO1 is extensively characterized as a detoxification enzyme; however, NQO2 is a mysterious enzyme, and it has once been believed as a detoxifying enzyme in the process of quinone redox, resulting in hydroquinone, a less toxic compound than semiquinone radicals [7] , but this assumption is not supported by later evidences. Recent studies have reported that individuals with higher NQO2 activity are more susceptible to Parkinson's disease [8] . Consistently, NQO2
-/-mice resisted to free radical-forming activator menadione (vitamin K3, VK3)-induced hepatic toxicity. These findings indicate that NQO2 may produce harmful signals in cells and have a toxic effect on biological systems; it could activate and mediate an activation or toxifying process by its catalytic activity, especially in the presence of certain xenobiotics [9, 10] . Melatonin is produced in a variety of tissues including the ovary and it regulates a variety of reproductive processes, including circadian rhythms, reproductive rhythms, and ATP production [11] [12] [13] . Some reports have assumed that melatonin can competitively occupy the NQO2 binding site with other substrates such as VK3, and thus reduce the formation of VK3 radical formation and the finally ROS production [14] . S29434, known as NMDPEF, is the specific and most potent NQO2 inhibitor, which is far more potent than melatonin in detoxifying antidote paraquatinduced toxicity [15, 16] . So far, the expression pattern of NQO2 and its cellular function are still unknown in mammalian oocytes. In this study, we analyzed NQO2 subcellular distribution and its role in mouse oocytes during meiotic maturation and in vitro aging after ovulation.
Materials and methods

Oocyte collection and culture
The animal experiment protocols were approved by the Animal Care and Use Committee of Capital Medical University, and carried out following the Administration Regulations on Laboratory Animals of Beijing Municipality. Female CB6F1 mice aged 21-23 days (F1-hybrid of C57BL/6 ♂ × BALB/C ♀) were euthanatized with CO 2 at 44-48 h after intraperitoneal administration of 10 IU pregnant mare serum gonadotropin (PMSG, Beijing XinHuiZeAo Science and Technology). The ovaries were isolated and transferred into Hepes-buffered Minimum Essential Medium (HEPES-MEM), and cumulus-oocyte complexes (COCs) were released from the ovarian follicles punctured using 25-gauge needles. COCs were cultured in Minimal Essential Medium (MEM) with 3 mg/ml bovine serum albumin (BSA, Sigma) and 10% fetal bovine serum (FBS, Gibco), in an incubator with 5% CO 2 and saturated humidity at 37 • C. After cultured for 0, 2, 4, 8, and 17 h, corresponding to meiotic stages at germinal vesicle (GV), germinal vesicle breakdown (GVBD), prometaphase I (pro-MI), metaphase I (MI), and metaphase II (MII), respectively, the surrounding cumulus cells were removed by gentle pipetting, and the denuded oocytes were collected for further analysis.
To collect ovulated MII oocytes, 10 IU human chorionic gonadotrophin (hCG, Beijing XinHuiZeAo Science and Technology) was administered via intraperitoneal injection at 48 h after PMSG treatment. At 14 h after hCG injection, the mice were sacrificed with CO 2 and the oviducts were removed from each mouse. COCs were released in HEPES-MEM through puncturing the oviducts under a microscope; MII oocytes were derived from the surrounding cumulus cells by a short incubation in 0.1% hyaluronidase (H3506, Sigma) and selected for further use.
Immunofluorescence
Denuded oocytes were fixed in 1% paraformaldehyde (PFA) in PEM buffer (100 mM Pipes, 1 mM MgCl 2 , and 1 mM EGTA, pH 6.9) with 0.5% Triton X-100 for 45 min at room temperature. After thoroughly washed in phosphate-buffered saline (PBS) containing 0.02% Triton X-100 (PBST), the oocytes were blocked in PBS containing 10% normal goat serum and 1% BSA at 4
• C overnight, and then incubated in diluted primary antibodies, including rabbit polyclonal anti-NQO2 (1:250; GTX105899, GeneTex), mouse monoclonal anti-Lamin A (1:250; ab8980, Abcam), mouse monoclonal anti-acetylated tubulin (1:10 000; T7451, Sigma), and human centromere auto serum (CREST) (1:500; 90C-CS1058, Fitzgerald) at 4
• C overnight. Cells were then rinsed three times in PBST for 15 min each, and treated with anti-mouse Alexa-488 (1:500; Molecular Probes) or anti-rabbit Alexa-594 (1:500; Molecular Probes) in the dark for 45 min at room temperature (Table 1) . After careful washing, oocytes were transferred into mounting medium containing DAPI (H-1200, Vector Laboratories) on slides, and examined using an upright fluorescent Olympus DP17 microscope (Olympus Microsystems). Images were processed by using Image J software (National Institutes of Health, Washington, DC). For immunofluorescence on chromosome spreading samples, oocytes were first soaked in acid Tyrode's solution (T1788, Sigma) for 2 min at 37
• C to eliminate the zona pellucida. After a short recovery in warm HEPES-MEM, the oocytes were transferred into 20 μl hypotonic fixative (1% PFA with 0.1% Triton X-100 in distilled water) on glass slides. The cells were dilated, ruptured, and finally disintegrated on slides. The slides were air-dried at room temperature and stored at -20 • C before use. Prior to 1 h blocking in 1% BSA, slides were immersed in adequate PBS to wash off salts mixed in the chromosomes samples. The samples were immunestained with CREST anti-serum (1:500) and rabbit polyclonal anti-NQO2 (1:250), and analyzed with Olympus microscopic system and Image J software as stated above. The specificity of NQO2 antibodies was demonstrated by conducting negative control experiments; oocytes and chromosome spreading samples were subjected for immunostaining procedure with no primary antibody incubation.
Western blot
Fifty oocytes in each sample were collected in Laemmli sample buffer (161-0737, Bio-Rad) supplemented with protease inhibitor cocktail (P2714, Sigma), and boiled for 5 min. The proteins were separated on 10% SDS-PAGE, and blotted to PVDF membranes (IPVH00010, Millipore) at a current of 250 mA for 2 h. The membranes were blocked in 5% fat-free milk in Tris-buffered saline (TBS) containing 0.1% Tween-20 (TBST) for 1 h at room temperature, and then incubated overnight at 4
• C in diluted primary antibodies, including rabbit anti-NQO2 (1:250; SC-32942, Santa Cruz Biotechnology), rabbit anti-Malondialdehyde (MDA) (1:2000, ab6463, Abcam), mouse anti-Beclin1 (1:500; GTX631396, GeneTex), rabbit anti-GAPDH (1:6000; G9545, Sigma), and mouse anti-α-tubulin (1:3000; GTX628802, GeneTex). After washing three times with TBST for 20 min each, the membranes were treated in horseradish peroxidase-conjugated secondary antibodies (ZSGB-BIO) for 1 h at room temperature. After thorough washing, the bands were visualized with enhanced chemiluminescence system (P1010, Applygen Technologies Inc.) and further processed for semiquantitative gray scale analysis using Image J software. As specific control, SDS-PAGE samples of GV oocytes and ovary tissue were also prepared from 18-month-old mice, and the levels of NQO2 and MDA were detected as stated above.
Drug treatments
Nocodazole and taxol treatment Two microtubule poisons, nocodazole (M1404, Sigma) and taxol (S1150, Selleck), were employed in this study. Nocodazole was dissolved in dimethyl sulfoxide (DMSO, Sigma) to make a stock solution at 20 mg/ml; 10 mM taxol stock was also prepared in like manner. The stocks were stored at -20
• C and diluted in culture medium to create a final working concentration before treatment. To depolymerize microtubules, MI oocytes were incubated in 20 μg/ml nocodazole for 15 min at 37 • C. To stabilize microtubules, MI oocytes were processed with 10 μM taxol for 45 min. Control oocytes were treated with the same concentration of DMSO. In all the groups, the final concentration of DMSO was not more than 0.1% (v/v) in medium. After treatment, the oocytes were fixed for analysis with immunofluorescence.
Menadione and NQO2 inhibitor treatment
In order to investigate the physiological role of NQO2 in ROSinduced cytotoxicity, NQO2 inhibitors were employed in combination with ROS inducing agent menadione (VK3) (M5750, Sigma) in this study. S29434 and melatonin are two representative NQO2 inhibitors, S29434 was a kind gift from Dr Philipe Delagrange (Institut de Recherche Servier, Sciences Expérimentales, France) and melatonin was a purchased product (M5250, Sigma). VK3 was dissolved in pure water to give a concentration of 50 mM stock solution. S29434 and melatonin stocks were prepared in DMSO at concentrations of 20 and 50 mM, respectively. Before use, all the stock solutions were diluted to final concentrations in oocyte culture medium. GV oocytes were incubated with defined concentrations of VK3 in the presence or absence of NQO2 inhibitors for 8 or 17 h. Control oocytes were treated with the same volume of DMSO alone, and the final concentration of DMSO in culture medium was not more than 0.1% (v/v). After treatment, oocytes were collected for analysis with immunofluorescence and western blot, in order to examine the changes in cellular ROS levels, antioxidant potential, meiotic progression, and spindle structure, by using Image-Pro Plus 6.0 software.
Nqo2 morpholino microinjection
Microinjections were performed with a Leica DMIRE2 inverted microscope (Leica Microsystems) equipped with TransferMan NK2 micromanipulators (Eppendorf), and the operation medium was HEPES-MEM containing 3.33 μM milrinone. In order to knock down NQO2 expression, GV oocytes were microinjected with 1 mM Nqo2 morpholino oligo (MO) (5 -CGATGAGCACTTTCTTACCTGCCAT-3 , GENE TOOLS, LLC). Control oocytes were injected with same amount of standard control MO (5 -CCTCTTACCTCAGTTACAATTTATA-3 , GENE TOOLS, LLC). After microinjection, the oocytes were first arrested at GV stage for 24 h with 3.33 μM milrinone in normal culture medium, to decrease mRNA translation by MO, and then transferred to milrinone-free medium with or without 5 mM VK3 for an additional maturation culture.
Measurement of intracellular reactive oxygen species and glutathione levels in oocytes
After relevant treatments, the intracellular ROS level in oocytes was measured by 2, 7-dichlorofluorescein (DCF) fluorescence assay, and processed essentially as described previously [17] . Briefly, a total of 25-30 oocytes were incubated into M2 medium (M7167, Sigma) supplemented with 10 mM 2, 7-dichlorodihydrofluorescein diacetate (H2DCFDA; D399, Thermo Fisher Scientific), for 30 min at 37
• C in the dark. After three washes in PBS, each oocyte was examined using an epifluorescence microscope (DP73; Olympus) with a filter at 460 nm excitation as green fluorescence. The intensity of fluorescence signal across whole cytoplasmic area was quantified by Image J software (version 1.42; National Institutes of Health). Following the same procedure, the intracellular GSH level in each oocyte was detected using 20 mM ThiolTracker Violet (T10096, Thermo Fisher Scientific) with a filter at 370 nm excitation as blue fluorescence.
Oocyte in vitro aging
To further study the antioxidant properties of NQO2 inhibitor, freshly ovulated MII oocytes were randomly allocated to the following groups depending on the treatment received: (i) fresh group, which received no treatment; (ii) DMSO group, in which the oocytes were cultured in M16 medium (M7292, Sigma) containing DMSO alone; (iii) S29434 group, in which the oocytes were incubated in M16 medium containing 20 μM S29434; and (iv) melatonin group, in which the oocytes were cultured in M16 medium containing 10 μM melatonin. For in vitro aging, cells in group II, III, and IV were cultured at 37
• C for 12 h under 5% CO 2 in humidified air, and then collected for further analysis. 
Parthenogenetic activation and culture
Fresh MII oocytes and aging ones as described above were further processed for parthenogenetic activation. The activation medium used was Ca 2+ /Mg 2+ -free KSOM containing 10 mmol/L SrCl 2 (255521, Sigma) and 5 μg/ml cytochalasin B (CB) (C6762, Sigma).
In an atmosphere of 5% CO 2 in humidified air at 37
• C, the oocytes were first treated in the activation medium for 2.5 h, then thoroughly washed, and cultured in regular M16 medium for additional 3.5 h. The activation status was examined under a microscope and determined by pronuclear formation. Pronuclear embryos were collected for further 96 h culture in M16, and embryos at two-cell, four-cell, and blastocyst stages were observed and recorded at 24, 48, and 96 h, respectively.
Statistical analysis
Oocytes were randomly distributed in each treatment group, and each experiment was performed at least three replicates. Data were expressed as mean ± SEM. Statistical analysis was examined by ANOVA or t-test using Prism 5 (GraphPad Software, La Jolla, CA, USA). For all analyses, P < 0.05 was considered significant.
Results
NQO2 expression and subcellular localization in oocytes during meiotic division
As shown in Figure 1 , western blot analysis demonstrated that NQO2 protein was stably expressed throughout meiotic progression in mouse oocytes, without detectable change from GV to MII stage ( Figure 1A ). As illustrated with immunofluorescence staining, NQO2 was mainly concentrated at the intact nuclear membrane which was labeled with Lamin A at GV stage ( Figure 1B , a-d: arrow). As germinal vesicle broke down, NQO2 remained on the fragmented nuclear membrane ( Figure 1B , e-h: arrow). After GVBD, NQO2 began to emerge as filamentous assembly around the chromosomes (Figure 1B , i-l: arrow). Further immunofluorescence showed that these NQO2 filaments were specially co-localized with newly polymerized microtubules ( Figure 2A, a-d) . At the same time, another portion of NQO2 was labeled across the chromosome structure. Along with the meiotic progression from pro-MI to MI stage, microtubules were gradually organized into bipolar spindle, and NQO2 was constantly co-localized with microtubules ( Figure 2A , e-h). During anaphase I (AI) to telophase I (TI) transition, NQO2 was distributed across spindle structure, including midbody ( Figure 2A, i-p) . By MII stage, NQO2 was overlapped with microtubules in the newly formed spindle and the first polar body (Figure 2A , q-t). In addition, another portion of NQO2 persistently aggregated on chromosomes during the entire process of meiotic maturation (Figure 2A , g, s: arrow); this was confirmed by immunostaining on chromosome spreads, obviously, NQO2 was notably labeled across the chromosomes at MI and MII stages ( Figure 2B , c, g: arrows). In negative control of immunostaining, no fluorescence signal of NQO2 was detected in the spindle area of oocytes ( Figure 2C , c) or across chromosome spreading samples ( Figure 2C, g ), supporting the special nature of NQO2 subcellular distribution. These data imply that the presence of NQO2 may be associated with nuclear membrane integrity, chromosome configuration, and spindle formation in oocytes.
To clarify the possible correlation between NQO2 and microtubule dynamics, we analyzed the changes of NQO2 distribution in MI oocytes after treatment with spindle-perturbing drugs, nocodazole, and taxol. In oocytes treated with nocodazole, along with spindle microtubules disassembly ( Figure 2D , f), NQO2 filaments also simultaneously disappeared, with some NQO2 persistent on chromosomes ( Figure 2D , g: arrow). After treatment with taxol, an expanded spindle with broad poles was observed ( Figure 2D , j: arrows), with many microtubule asters labeled in cytoplasmic area ( Figure 2D , j: asterisks). Interestingly, NQO2 exhibited the exactly same change pattern and was fully co-localized with microtubules in spindle and cytoplasm asters ( Figure 2D , k and l: arrows and asterisks). These data suggest that the subcellular distribution of NQO2 is tightly associated with microtubule integrity and normal dynamics in oocytes.
Inhibitors suppressed vitamin K3-induced changes in spindle structure and meiotic progression in oocytes To characterize VK3 effects on oocyte meiotic maturation, GV oocytes were cultured for 8 h in maturation medium with DMSO, 5 μM VK3, or 10 μM VK3, and then collected for immunofluorescence analysis. After 8 h culture, control oocytes developed to MI stage, with NQO2 present on chromosomes and co-localized with microtubules on properly formed spindle ( Figure 3A, b-d) . In VK3-treated oocytes, the spindle was symmetrically assembled, but obviously smaller than that in control oocytes ( Figure 3A , f and j), chromosomes were also partially more condensed ( Figure 3A , e and i). To quantitatively compare spindle size, the value ratio (L, L = l/d) of spindle length (l) to cellular spherical diameter (d) was measured in each oocyte ( Figure 3B ). Statistical analysis confirmed that the spindle was significantly smaller in VK3-treated oocytes than in control, and in addition, which got further smaller with the increase of VK3 concentration from 5 to 10 μM ( Figure 3C ; P < 0.01). These results suggest that the metabolism of VK3 could make a toxic effect on oocytes.
To examine the causal role of NQO2 in VK3-induced toxicity, NQO2 inhibitors, S29434 and melatonin, were employed. Oocytes at GV stage were cultured for 8 h in DMSO, 5 μM VK3, 10 μM VK3, 5 μM VK3 + 20 μM S29434, 10 μM VK3 + 20 μM S29434, 5 μM VK3 + 10 μM melatonin, and then processed for immunofluorescence analysis to assess morphological changes in each group. Consistent with the data above, the spindle was markedly smaller in VK3-treated oocytes ( Figure 3A , e, i, f, j); however, in oocytes treated with 5 μM VK3 + 20 μM S29434, 10 μM VK3 + 20 μM S29434, and 5 μM VK3 + 10 μM melatonin, the spindle length seemed larger than that in the VK3 group ( Figure 3A, n, r, v) ; statistical analysis further confirmed that "L" value was significantly higher in groups of 5 μM VK3 + 20 μM S29434, 10 μM VK3 + 20 μM S29434, and 5 μM VK3 + 10 μM melatonin than that in the VK3 group ( Figure 3C ; P < 0.01). These data demonstrate that NQO2 inhibition protects oocytes from VK3-induced toxicity.
We believe that the defective spindle structure could induce meiotic arrest. To test this, GV oocytes were cultured for 17 h in maturation medium supplemented with DMSO, 5 μM VK3, 10 μM VK3, 5 μM VK3 + 20 μM S29434, 5 μM VK3 + 10 μM melatonin, and then processed for immunofluorescence. The results showed that cell cycle progression was mainly arrested at MI stage after 17 h maturation culture in oocytes from 5 μM VK3 group; in contrast, the majority number of oocytes in other groups extruded the first polar body and reach MII stage ( Figure 4A ). Further quantitative analysis demonstrated that the percentage of oocytes at MII stage was significantly lower in 5 μM VK3 group than that in control and groups treated simultaneously with VK3 and NQO2 inhibitors ( Figure 4B ). The delayed meiotic progression and first polar body extrusion may be contributed to VK3-induced toxicity and spindle abnormality, and NQO2 inhibition could rescue spindle and reverse meiotic arrest.
NQO2 inhibition prevented vitamin K3-induced upregulation of NQO2, reactive oxygen species, malondialdehyde, and Beclin1
To examine the effects of NQO2 inhibitors on the expression of NQO2 and other oxidative agents, oocytes at GV stage were cultured for 8 h in DMSO with or without VK3, S29434, and melatonin, and then processed for western blot analysis. The immunoblotting results showed that NQO2 level was significantly increased in 5 μM VK3 group than that in DMSO group; however, NQO2 uptrend was markedly reduced by culture in 5 μM VK3 + 20 μM S29434 and 5 μM VK3 + 10 μM melatonin, and its level was not significantly distinct from control ( Figure 4C, C1, C2) .
It has been proven that lipid peroxidation is a consequence of an oxidative insult to whole cells, so we measured the MDA content in oocytes treated with various combinations of VK3 and NQO2 inhibitors. Surprisingly, the MDA content in VK3 group was remarkably increased when compared with DMSO group; however, NQO2 inhibition could efficiently suppress MDA increase (Figure 4C, C1, C3) . Simultaneously, Beclin1, an autophagy marker, was markedly upregulated in oocytes processed with VK3 treatment, and this trend was significantly reversed with simultaneous S29434 or melatonin; there was no difference in Beclin1 expression among DMSO, VK3 + S29434, and VK3 + melatonin groups ( Figure 4C , C1, C4).
Antioxidant effects of NQO2 inhibitors on mouse oocytes under vitamin K3 treatment
To further explore the protective effects of NQO2 inhibitors, GV oocytes were cultured for 8 h in culture medium containing DMSO, , and then processed for immunostaining using antibodies to NQO2 and ace-tubulin. NQO2 was visualized in red, microtubules were visualized in green, and DNA was labeled in blue. Scale bar = 20 μm. (B) Computational method for measurement of spindle size. Red dot indicates the spherical center of oocytes, "l" indicates the length of spindle long axis, "d" indicates the spherical diameter of oocytes; "L" is the ratio value between "l" and "d" (L = l/d), representing the relative length of spindle structure. "l" and "d" valves were obtained using Image-Pro Plus 6.0 software. (C) Statistical analysis indicated the spindle was significantly shorter in the 5 and 10 μM VK3-treated groups (P < 0.01) compared with control (n = 120), and there was also significant difference between 5 μM VK3 group (n = 131) and 10 μM VK3 group (n = 127) (P < 0.01). This effect was significantly reversed by simultaneous administration of NQO2 inhibitors (20 μM S, n = 129 or 10 μM M, n = 121; P < 0.01, three replicates). Data were presented as mean percentage (mean ± SEM) of three independent experiments. 5 μM VK3, 10 μM VK3, 5 μM VK3 + 20 μM S29434, and 5 μM VK3 + 10 μM melatonin, respectively, and then collected for the detection of ROS and GSH levels. ROS level was markedly higher in two VK3-treated groups than that in DMSO group (P < 0.05); in contrast, it remained stable in groups of 5 μM VK3 + 20 μM S29434 and 5 μM VK3 + 10 μM melatonin, and almost similar to control group ( Figure 4D, D1 and D2) . In logical consistence with this finding, GSH level was significantly lower in 5 and 10 μM VK3 groups than in DMSO group, but this downtrend was markedly restrained by a combined application of NQO2 inhibitors, GSH level was higher in two groups treated with simultaneous VK3 and S29434 or melatonin than in group with VK3 alone ( Figure 4D , D1 and D3) (P < 0.05), almost reaching the level in DMSO group. Statistical analysis demonstrated that the percentage of oocytes with extruded first polar body in DMSO (n = 174), VK3 (n = 178), VK3 + S29434 (n = 172), and VK3 + melatonin (n = 174) group (P < 0.05). Data were presented as mean percentage (mean ± SEM) of three independent experiments. (C) GV oocytes were cultured in the presence of VK3 alone or with NQO2 inhibitor, S29434, or melatonin for 8 h and then collected for western blot analysis. The intracellular levels of NQO2, MDA, and Beclin1 were assayed. GAPDH level was also assayed and used as a control blot. C1: Representative blots show that the levels of NQO2, MDA, and Beclin1. C2-C4: Statistical analysis revealed that the grey levels of NQO2, MDA, and Beclin1 band were significantly elevated in 5 μM VK3 group compared with control (P < 0.05), and that this upregulation trend was reversed by the simultaneous administration of NQO2 inhibitors (P < 0.05). Data were presented as mean percentage (mean ± SEM) of three independent experiments; 50 oocytes were included in each sample. (D) Melatonin and S29434 pushed intracellular reactive oxygen species (ROS) and glutathione (GSH) to back to normal levels in VK3-treated mouse oocytes. D1: Oocytes at GV stage were cultured for 8 h with 0, 5 μM VK3 alone, or in combination with 20 μM S29434 or 10 μM melatonin. Intracellular ROS and GSH were detected using 10 mM 2, 7-dichlorodihydrofluorescein diacetate (H2DCFDA) and 20 mM ThiolTracker Violet, glutathione detection reagent, respectively. The samples were observed, and images were taken using an epifluorescence microscope with UV filters (ROS, 460 nm, green; GSH, 370 nm, blue). Scale bar = 200 μm. D2: Statistical analysis revealed different ROS level among groups of control (n = 85) (P < 0.01), 5 μM VK3 (n = 78), VK3 + S29343 (n = 85), and VK3 + melatonin (n = 81) (P < 0.01). Data were presented as mean percentage (mean ± SEM) of three independent experiments. D3: Fluorescence intensities quantified by ImageJ software were correlated with intracellular level of GSH. Statistical analysis confirmed GSH difference among groups of DMSO (n = 77), VK3 (n = 81), VK3 + S29343 (n = 80), and VK3 + melatonin (n = 78), P < 0.05. Data were presented as mean percentage (mean ± SEM) of three independent experiments.
Nqo2 oligo-induced NQO2 silencing relieved vitamin K3-stimulated toxicity in oocytes
To clarify NQO2 involvement in VK3-induced toxicity, the protein expression of NQO2 was knocked down by microinjection of specific MO. As presented in Figure 5A , compared with no injection and control MO injection groups, NQO2 expression was notably reduced in Nqo2 MO injection group, indicating successful NQO2 downregulation ( Figure 5A ). After microinjection operation, oocytes were cultured for 8 h with 5 μM VK3, and then collected for immunofluorescence analysis. Consistent with the above finding, immunostaining showed that the fluorescence intensity of NQO2 was markedly weakened in oocytes treated with Nqo2 MO ( Figure 5B , B1: i), and statistical analysis confirmed that the signal intensity of NQO2 was significantly reduced in Nqo2 MO group (P < 0.05) ( Figure 5B, B2) . Both immunofluorescence and quantitative analysis demonstrated that the spindles were markedly shorter in uninjected and control MO-injected oocytes than that in Nqo2 MO-injected oocytes ( Figure 5B, B1: d-f, B3) . Simultaneously, as shown in Figure 5C , ROS level was markedly lower while GSH was significantly higher in Nqo2 MO-injected group than in control groups (Figure 5C , C1-C3).
Antioxidant effects of NQO2 inhibitors during oocyte aging
To further study the possible involvement of NQO2 in oocyte aging process, the superovulated MII oocytes were cultured for 12 h in regular M16 medium with the presence of DMSO, 20 μM S29434, and 10 μM melatonin, respectively. Fresh MII oocytes without any treatments were regarded as young oocytes and used as control. After in vitro culture, samples were collected for western blot to analyze the levels of NQO2, MDA, and Beclin1. As shown in Figure 6A , all the three molecules were markedly upregulated in DMSO group than that in control; however, they were significantly reduced in groups supplemented with S29434 or melatonin ( Figure 6A ; P < 0.05). As shown in Figure 6B , when compared to the young group, the intracellular ROS level was markedly higher while GSH level was significantly lower in DMSO group; however, these two values backed to normal levels in both S29434 and melatonin group, undistinguishable from control group ( Figure 6B , B1-B3; P < 0.05). In addition, NQO2 and MDA levels were significantly higher in oocytes and ovary tissue from 18-month-old mice than that from 21-day-old mice ( Figure 6C ; P < 0.05). The results indicate that lipid peroxidation was enhanced in aged oocytes, simultaneously with increased NQO2 expression. This deleterious upregulation trend could be significantly reversed by NQO2 inhibition, and accordingly the beneficial antioxidant level was recovered.
NQO2 inhibition rescued defects during second meiotic division of aging oocytes MII oocytes were exposed to M16 medium with DMSO or NQO2 inhibitors and cultured for 12 h. Fresh oocytes without any treatment were set as control. All the oocytes were further activated with 10 mM SrCl 2 and 5 μg/ml CB in Ca 2+ /Mg 2+ -free KSOM, and then cultured for additional 1.5 h in fresh M16, at which time the oocytes were supposed to resume meiosis II and arrive at Tel II. These oocytes were collected and fixed for immunofluorescence analysis. In control group, sister chromatids were symmetrically distributed to two opposite poles of spindle during Tel II ( Figure 7A, a-c) . However, in DMSO group, the chromosomes were not equally separated and dispersed in a very large area ( Figure 7A, d , g, i: arrows), with spindles in unsymmetrical and even multipolar shape ( Figure 7A , e, h, j: arrows). Statistical analysis demonstrated that the number of oocytes with abnormal spindle structure and chromosome distribution was significantly higher in DMSO group than in control and groups with NQO2 inhibitors ( Figure 7B ); this observation indicates that NQO2 inhibitor application in the process of oocyte aging could restore spindle configuration and ensure systematical chromosome separation during the completion of meiosis II.
NQO2 inhibitors in aging-culture medium improved the developmental potential of parthenogenetic embryos
We continued to determine the developmental potential of embryos which were produced from oocytes processed with different aging treatments. Superovulated MII oocytes were cultured for 12 h in M16 medium with DMSO or NQO2 inhibitors, and fresh oocytes processed with no aging treatment were used as control of in vitro postovulatory aging. After activating with strontium ion as described above, the oocytes were cultured in M16 medium for 24, 48, and 96 h, and accordingly, embryos at two-cell, four-cell, and blastocyst stage, respectively, were examined and counted ( Figure 7C ). The number of activated oocytes exhibited no significant difference among all groups (P > 0.05) ( Table 2) . When checked at 24 and 48 h, the majority of activated oocytes properly developed to twocell and four-cell embryos, with barely noticeable difference between three aging groups and the fresh control (P > 0.05) ( Table 2) . However, when examined at 96 h of culture, the number of blastocysts was significantly higher (P < 0.01) in control than in aging groups of DMSO, S29434, and melatonin. In addition, among three agingtreated groups, this number was significantly lower in DMSO group than S29434 and melatonin groups (Table 2) (P < 0.05).
Discussion
This study shows that quinone reductase NQO2 is consistently expressed in mouse oocytes during meiotic maturation, and distributed on nuclear membrane, chromosomes, and spindle structure. NQO2 loss or inhibition can suppress the generation and accumulation of ROS and MDA, the expression of autophagy protein Beclin1, and instead increase the formation of antioxidant GSH in oocytes during meiotic progression under VK3 treatment, as well as in the process of oocyte in vitro aging, and thereby restore oocyte spindle configuration, chromosome separation, meiotic maturation, and embryo development potential. NQO2 is able to catalyze the metabolic activation of VK3 and thus promotes the generation of semiquinone and active ROS, leading to cytotoxicity [18] . Nqo2 gene knockout mice could resist VK3-introduced toxicity [9, 10, 19 ]. In the current study, we detected stable NQO2 expression in mouse oocytes during normal meiotic progression, and interestingly, NQO2 level was pronouncedly elevated in oocytes processed with VK3 exposure or in vitro aging; specially this upregulation was accompanied with increased intracellular ROS and MDA, but decreased GSH formation. Besides during in vitro aging, we found both NQO2 protein expression and MDA level were also significantly increased in oocytes and total ovary tissue from natural aging mice. All these information further supports previous evidence that NQO2 plays a driving role in ROS production [9, 18] , and subsequent detrimental effects on protein, lipid, and nucleic acid [20] [21] [22] [23] . We provide evidences that NQO2 was specially accumulated on nuclear membrane, chromosomes, and spindle apparatus in Band gray analysis with ImageJ software and statistical processing revealed significant difference in the levels of NQO2, MDA, and Beclin1 among fresh control, S29343, and melatonin group (P < 0.05). This experiment was repeated three times, with 50 oocytes included in each sample. GAPDH level was also assayed and used as a control blot. (B) The effects of NQO2 inhibition on intracellular ROS and GSH levels in aging mouse oocytes. B1. Representative images of ROS and GSH. Scale bar = 200 μm. B2: Statistical analysis revealed significant difference in ROS level among DMSO (n = 82), fresh (n = 77), S29343 (n = 80), and melatonin (n = 78) (P < 0.05). Data were presented as mean percentage (mean ± SEM) of three independent experiments. B3: Statistical analysis confirmed significant difference in GSH level among DMSO (n = 79), fresh (n = 81), S29343 (n = 76), and melatonin (n = 80) (P < 0.05). Data were presented as mean percentage (mean ± SEM) of three independent experiments. (C) NQO2 and MDA levels in oocytes and ovary tissue from natural aging mice. C1: Representative blots of NQO2 and MDA. Alpha-tubulin level was assayed for loading control. C2-C5: Band grey analysis and statistical procedure confirmed significant higher levels of NQO2 and MDA in natural old oocytes and intact ovary tissue (P < 0.05). This experiment was repeated three times. mouse oocytes, suggesting that this enzyme may mediate ROS generation and consequent damages on these subcellular organelles. Just as expected, abnormal spindle and chromosome configuration were frequently observed in VK3-treated oocytes and aging cells, with high levels of NQO2 and ROS. It has been documented that ROS can play a causal role in activation of autophagy in different cell systems [24] . We also observed increased Beclin1 and ROS in VK3-treated oocytes, as well in aged MII oocytes; the exact change pattern of autophagy activity during oocyte aging and NQO2 participation need further investigation. The meiotic spindle is an essential cellular structure, which drives chromosomes movement and division [25] . Spindle assembling is the critical step of oocyte maturation, and a well-formed spindle has been set as evaluation standard for oocyte quality [25, 26] . Excessive ROS and MDA can definitely exert negative influence on spindle structure in oocytes, as that observed in VK3-treated oocytes and aged MII oocytes in this study. The impaired spindle can consequently weaken the on-schedule meiotic progression and chromosome separation, arresting oocytes at MI stage but not mature to MII, even enough culture time was allowed. Meiotic arrest can be partly contributed to the activity of spindle assemble checkpoint (SAC) system, which senses any defects in spindle structure or loss of tension between spindle microtubules and chromosomes, retarding the transition from meiosis I to meiosis II until all the defects are rescued in oocytes [27] . However, in oocytes during postovulatory aging, SAC core protein MAD2l1 (MAD2 mitotic arrest deficient-like 1), Bub1 (BUB1, mitotic checkpoint serine/threonine kinase), and BubR1 (BUB1 mitotic checkpoint serine/threonine kinase B) are dramatically degraded, causing injured function of SAC system [28, 29] . Ascribed to the dysfunctional SAC, aged oocytes are prone to permissive checkpoint control and progression to MII stage, regardless of the existence of abnormal or pathological spindle machine. This was confirmed by our data that aged MII oocytes readily exited meiosis upon artificial activation, but abnormal spindle and unsymmetrical distribution of sister chromatids were frequently observed during Ana II to Tel II progression; this may lead to the formation of aneuploidy embryos, which are vulnerable to develop to blastocyst stage.
Given persistent NQO2 on chromosomes in oocytes, it is plausible to propose that a local constant generation of ROS may exist in response to negative influences, such as aging process, the elevated ROS would bring damages to the structure integrity or transcription potential of important genes. Mouse embryo development to twocell and four-cell stage is mainly dependent on maternal-derived mRNAs and proteins; however, the following growth to blastocyst is self-dependent and regulated by embryo own active transcription, which usually starts at two-cell stage [30] . In this study, parthenogenetic embryos could develop to two-cell and four-cell stage in aged oocyte group, but the ability to blastocyst stage was significantly lower than that of young oocytes. The weak developmental potential may be attributed to dysfunctional transcription of some key genes after four-cell stage [31] , and associated with NQO2-mediated oxidative stress during oocyte aging.
Fortunately, NQO2 activity can be efficiently modulated by its inhibitors. NQO2 is recently defined as a special binding site of melatonin in cytoplast [8, 9] . Melatonin can bind to NQO2 with high affinity, and competitively occupies the NQO2 binding site with other substrates, such as VK3. S29434 is another synthetic inhibitor, blocking NQO2 enzyme activity with high specificity. In the current study, adding melatonin or S29434 to culture medium decreased significantly the ratio of ROS/GSH in the presence of VK3, suggesting that melatonin and S29434 play a role of ROS scavenger and protect GSH from being attacked by ROS [32, 33] . Interestingly, NQO2 expression was significantly increased in response to VK3 metabolism, but efficiently recovered by application of its inhibitors. When NQO2 was depleted with specific MO, oocyte susceptibility to VK3-introduced toxicity was markedly reduced. Collectively, this study suggests that NQO2 plays a role in ROS generation and oxidative stress in mouse oocytes, and its inhibition could protect oocyte maturation and developmental potential.
It has reported that ROS accumulation accelerates oocyte aging [32] [33] [34] . Our results showed that NQO2 expression was significantly increased during oocyte aging, accompanied with increased MDA, Beclin1, and decreased GSH. Supplemented melatonin or S29434 in oocyte aging medium appears to inhibit NQO2 upregulation and protect from other aging-associated changes, improving embryo to develop to blastocyst. These data suggest that NQO2 may accelerate oocyte aging through catalyzing ROS generation, and its activity blocking could delay aging-related manifestations, rescuing oocyte developmental potential.
It must be pointed out that quinone molecules have various biological effects, cytotoxic or cytoprotective, due to their numerous biological targets and different intracellular environment [35] . Our data indicate that NQO2 works as a semiquinone radical anion, and promotes the formation of ROS, and ultimately the hydroxyl radical and cytotoxic effects. In a reverse manner, NQO1, another family member of NQO2, can induce cytoprotection through the induction of detoxification enzymes [6, 7] . NQO2 may be not only toxic, and could be beneficial for specific target and physiological process.
In sum, this study proved that NQO2 mediates ROS-introduced cytotoxicity in mouse oocytes during in vitro maturation and aging; its action can be blocked by genetic depletion or pharmacological inhibition, suggesting that NQO2 may be a therapy target for some disease, such as infertility cure.
